Introduction
============

Recent studies have demonstrated that inhalational anesthetics, like sevoflurane, have cardioprotective effects, both experimentally and clinically.[@b1-hp-4-081]--[@b7-hp-4-081] However, cellular and molecular mechanisms of action are far from understood.[@b4-hp-4-081]--[@b7-hp-4-081] Patel et al proved that isoflurane modifies cardiac myocyte sarcolemmal membrane structure and composition, and that activation of phosphorylation of CAV1 contributes to cardiac protection.[@b8-hp-4-081] Marinovic et al showed that both sarcolemmal and mitochondrial K-ATP channels play essential and distinct roles in protection afforded by isoflurane.[@b9-hp-4-081] Feng et al concluded from their research that isoflurane had a protective effect against myocardial ischemic injury by preventing opening of the mitochondrial permeability transition pore.[@b10-hp-4-081] Also, leukocytes contribute essentially to reperfusion damage and there is some extent of neutrophil activation during open heart surgery with cardiopulmonary bypass.[@b11-hp-4-081] Kowalski et al found that sevoflurane, isoflurane, and halothane in concentrations of both 1 and 2 minimum alveolar concentration (MAC) reduced polymorphonuclear neutrophil adhesion in the reperfused heart.[@b12-hp-4-081] Furthermore, Heindl et al demonstrated that sevoflurane reduced polymorphonuclear neutrophil adhesion in the reperfused coronary system and thereby preserved cardiac function.[@b13-hp-4-081] Interestingly, only sevoflurane preconditioning of hearts, but not of platelets, reduced intracoronary platelet adhesion, indicating that the effect of sevoflurane was most likely mediated via an endothelial mechanism.[@b14-hp-4-081]

A healthy vascular endothelium is coated by the glycocalyx, including a variety of transmembrane and membrane-attached molecules.[@b15-hp-4-081],[@b16-hp-4-081] Quantitatively important parts of the endothelial glycocalyx are transmembrane syndecans and membrane-anchored glypicans. Both have side chains carrying heparan sulfate (HS) and chondroitin sulfate.[@b17-hp-4-081] Along with attached chains of hyaluronan (HA) and plasma proteins, these constituents make up an endothelial surface layer approaching 1 µm in thickness.[@b18-hp-4-081] There are also many functionally important molecular components such as cell adhesion molecules located inside the endothelial glycocalyx.[@b19-hp-4-081],[@b20-hp-4-081] Altogether, the intact endothelial glycocalyx plays a key role, not only as barrier reducing the permeability of macromolecules, but also decreases leukocyte and platelet adhesion at the vascular wall.[@b21-hp-4-081],[@b22-hp-4-081] Treatment with sevoflurane has recently been shown to reduce shedding of syndecan and HS, thereby decreasing leukocyte and platelet adhesion.[@b23-hp-4-081],[@b24-hp-4-081]

Our study aimed to show the extent of shedding of HA during the period of ischemia/reperfusion, and to examine the effects of sevoflurane on the glycocalyx under these conditions. The study was performed using a highly standardized and well characterized organ model: the isolated perfused, spontaneously beating heart (guinea pig Langendorff preparation).

Materials and methods
=====================

This investigation conforms to the *Guide for the Care and Use of Laboratory Animals* published by the National Institute of Health (NIH Publication No 85-23, revised 1996). The investigation was approved by the independent ethics committee of the State of Bavaria. Licensure and approval of the investigation were obtained from the Government of Upper Bavaria (file no 209.1/211-2531.3-3/99). The methods described below are well established and have been published before.[@b23-hp-4-081]--[@b26-hp-4-081] The work was performed at: Clinic of Anesthesiology and Walter-Brendel-Centre of Experimental Medicine, Ludwig-Maximilians-University, Munich, Germany.

Heart preparation
-----------------

Hearts of male guinea pigs (body weight 250--300 g) were isolated and perfused at 37°C using a modified Krebs-Henseleit buffer (116 mM NaCl, 23 mM NaHCO~3~, 3.6 mM KCl, 1.16 mM KH~2~PO~4~, 1.2 mM CaCl~2~, 0.58 mM MgSO~4~, 5.4 mM glucose, 0.3 mM pyruvate, and 2.8 U/L insulin, gassed with 94.6% oxygen and 5.4% carbon dioxide at 37°C, pH 7.40±0.05) in a modified Langendorff mode. Hearts were removed from the thorax and prepared as previously described. The oxygen is physically dissolved, guaranteeing adequate oxygen content in the coronary artery perfusate.[@b25-hp-4-081] Physiological, pulsatile coronary flow was achieved by maintaining the coronary perfusion pressure at 70 cm H~2~O throughout the whole procedure, except for the period of stopped-flow ischemia (see Experimental protocols). The veins entering the right atrium and pulmonary veins were ligated to ensure that all coronary effluent emerged via the right ventricle though the pulmonary artery.[@b26-hp-4-081],[@b27-hp-4-081] The latter was cannulated to collect the coronary venous effluent. Transudate, a mixture of interstitial and lymphatic fluids formed by net filtration and appearing on the epicardial surface, was collected from the apex of the heart.

Sevoflurane (Abbott Laboratories, Abbott Park, IL, USA) was added at 2% vol/vol, equivalent to 1 MAC, to the O~2~/CO~2~ gas mixture equilibrating the Krebs-Henseleit perfusate for one group of the hearts and sustained throughout the rest of the protocol. Addition was achieved by means of a calibrated vaporizer (Draeger, Luebeck, Germany) and monitored by a piezo electric gas detector (Datex, Helsinki, Finland), as described previously.[@b14-hp-4-081] To ensure equilibration of volatile anesthetic with the liquid phase, application of sevoflurane with the gas phase to the perfusate began 30 minutes before its use.

Experimental protocols
----------------------

Animals were stunned by neck dislocation using a specially designed instrument. After explantation and preparation of the hearts, an equilibration interval of 15 minutes was allowed to establish steady state conditions, using the Krebs-Henseleit perfusate without sevoflurane (group A, n=14) or with 2% vol/vol sevoflurane in the aerating gas (group B, n=14). Baseline measurements of coronary effluent for HA content were performed in the last 3 minutes before inducing 20 minutes of warm (37°C), global stopped-flow ischemia. Warm ischemia models the situation pertaining in infarcted human myocardium. Reperfusion was conducted with Krebs-Henseleit buffer. After 20 minutes of reperfusion, hearts of both groups were perfused for another 20 minutes in the presence of 1% hydroxyethyl starch (HES). This was achieved by infusing 6% HES solution (molecular weight 130,000; degree of substitution 0.4; Fresenius AG, Bad Homburg, Germany) into the Krebs-Henseleit perfusate at a rate of one sixth of the total coronary flow. Infusion for 20 minutes has been shown to allow for steady state distribution of HES.[@b15-hp-4-081]

Baseline measurements of coronary flow and transudate formation were performed 3 minutes before ischemia. Samples of effluent were collected between minutes 0--5, 5--10, 10--20, and 35--40 after onset of reperfusion. Transudate samples were collected over 5-minute intervals at 0--5, 5--10, 10--15, 15--20, 20--25, 25--30, 30--35, and 35--40 minutes after start of reperfusion.

At the end of each experiment, both atria and the large vessels were cut away, and the ventricles were weighed at once (wet weight). Weight of all hearts of each group was determined again after 24 hours at 60°C (dry weight) to establish a wet-to-dry weight ratio. This served as a quantitative measure for formation of edema.

Determination of HA, HES, lactate, uric acid, and purines
---------------------------------------------------------

In both groups, samples of effluent were used for measuring shedding of HA, proceeding as described previously.[@b26-hp-4-081],[@b28-hp-4-081] Aliquots (4 mL) of samples were concentrated to 50 µL with 10 kD cutoff ultrafilters (EMD Millipore, Billerica, MA, USA). These concentrates were assayed using an enzyme-linked immunosorbent assay kit (Echelon Biosciences Incorporated, Salt Lake City, UT, USA) based on an enzyme-linked antibody against HA. On the basis of information given by the supplier, it is assumed that this enzyme-linked immunosorbent assay recognizes HA molecules independent of their molecular size.

Concentrations of HES were quantified in the samples of coronary transudate at 35--40 minutes after start of reperfusion, using a method described by Förster et al,[@b29-hp-4-081] as modified by Rehm et al.[@b15-hp-4-081] Basically, this involves hydrolysis of HES to glucose and subsequent enzymatic/photometric determination of the sugar.

Lactate, purines, and uric acid concentrations were determined by high performance liquid chromatography in samples of coronary effluent. Lactate is an indicator of the severity of ischemic challenge. Purine release, resulting from metabolism of adenine nucleotides and nucleoside, is directly related to the rate of energy consumption, and inversely related to the rate of energy production. Uric acid, the end product of enzymatic purine metabolism in the heart, serves as an indicator of oxidative stress, because it is subject to further oxidative chemical degradation. Therefore, hearts under oxidative stress typically release less urate relative to precursor purines than when oxidative stress is mitigated.[@b30-hp-4-081] For lactate, 10 µL of effluent were applied to a Nucleosil 100-5NH~2~ 4×250 mm column (Macherey-Nagel, Dueren, Germany), 10 mM NH~4~H~2~PO~4~, pH 3.5, serving as eluent. Lactate was detected by its ultraviolet absorbance at 210 nm. Uric acid levels were determined in 10 µL of coronary effluent sample applied to a 5 µm C-18 Nucleosil 4×250 mm column (Macherey-Nagel). HClO~4~ (pH 2)/60% methanol at a ratio of 90:10 (vol%) served as eluent. Uric acid was detected by its ultraviolet absorbance at 280 nm. In the case of purines, all were transformed first to uric acid and then determined as such. This involved sequential enzymatic conversion of adenosine, inosine, hypoxanthine, and xanthine to urate.[@b30-hp-4-081]

Rates of release were obtained by multiplying the concentration values with the respective rates of coronary flow or, in the case of HES, transudate formation.

Electron microscopy and immunohistochemistry
--------------------------------------------

Electron microscopy of hearts to visualize the glycocalyx was performed using perfusion-fixation with a lanthanum nitrate/glutaraldehyde solution in modification of a method described by Vogel et al[@b31-hp-4-081] and Rehm et al.[@b15-hp-4-081] Immunohistochemical characterization of hearts was conducted to gain insight into the composition of the glycocalyx. To compare staining of two key components of glycocalyx between groups, hearts were perfused with 4% formalin. Whole hearts were paraffin-embedded, sliced (5 µm thickness), and slices stained with monoclonal antibody against HS (Seikagaku Corporation, Tokyo, Japan) or SDC1 (Abcam, Cambridge, UK). The primary antibodies, applied for generating an avidin-biotin horseradish peroxidase complex with the Vectostain kit (Vector, Burlingame, CA, USA), were diluted and handled as follows: anti-HS 1:100, tissue pre-incubation with 0.2% trypsin at 37°C; anti-SDC1 1:50, and tissue pretreatment by microwave irradiation. Controls, in which the primary antibody was replaced by buffer, were treated identically. Diaminobenzidine or aminoethyl carbazole was used as chromogen. Since controls without primary antibody did not develop color, they are not shown in results.

Statistical analysis
--------------------

Data dealing with rates of flow or of release are expressed per gram of heart wet weight. All data in figures are presented as mean ± standard error of the mean, those in [Table 1](#t1-hp-4-081){ref-type="table"} as mean ± standard deviation. The number of samples (n) =14 for both, controls without sevoflurane (group A) and those with sevoflurane (group B). Comparisons between the two groups were made using Student's *t*-test. Student's *t*-test was used to make intragroup comparisons, with Bonferroni correction applied when multiple comparisons were involved. *P*\<0.05 was considered to be significant. The statistical software used to conduct the analyses was SigmaStat 3.5 (Systat Software Inc., San Jose, CA, USA).

Results
=======

Coronary flow
-------------

The perfusion pressure of all hearts was maintained constant at 70 cm H~2~O. Thus, increases in flow correspond to dilatation, whilst decreased flow reflects coronary constriction. As shown in [Figure 1](#f1-hp-4-081){ref-type="fig"}, coronary flow rate in group A remained unchanged within the first 5 minutes of reperfusion (7.23±0.88 mL.min^--1^.g^--1^ basal vs 7.57±0.91 mL.min^--1^.g^--1^ first 5 minutes of reperfusion, *P*\>0.05, Student's *t*-test). This indicates an inability to develop reactive hyperemia after 20 minutes of ischemia. In contrast, there was an initial reactive hyperemia in group B treated with sevoflurane (7.59±0.91 mL.min^--1^.g^--1^ basal vs 8.62±1.03 mL.min^--1^.g^--1^ first 5 minutes of reperfusion, *P*\<0.05, Student's *t*-test). In fact, coronary flow was significantly higher in group B than in group A during the first 5 minutes of reperfusion (*P*\<0.05; [Figure 1](#f1-hp-4-081){ref-type="fig"}). With ongoing reperfusion, coronary flow decreased significantly by \~20% vs basal in both groups. Treatment with sevoflurane was unable to prevent this.

Transudate and tissue edema formation
-------------------------------------

Transudate formation, the direct result of net fluid filtration in the intact coronary bed of the isolated hearts, amounted to \~5% of coronary flow under basal conditions. [Figure 2](#f2-hp-4-081){ref-type="fig"} presents transudate formation standardized to the individual heart weight. The baseline values measured before ischemia showed no difference between groups.

In the control group (group A), the formation of transudate increased within the first 5 minutes and then remained at higher level than basal during the course of reperfusion (Student's *t*-test with Bonferroni correction, *P*\<0.05). Pretreatment with sevoflurane (group B) completely prevented this increase in post-ischemic coronary leak ([Figure 2](#f2-hp-4-081){ref-type="fig"}). In fact, the formation of transudate significantly decreased in the first minutes of reperfusion in group B vs group A (*P*\<0.05).

The mean wet-to-dry weight ratio of isolated hearts at the end of experimentation in group A was 8.4±0.5. Administration of sevoflurane to the hearts before ischemia yielded a lower ratio of 7.9±0.3 in group B. However, this decrease did not attain statistical significance (*P*\>0.05 vs group A, unpaired Student's *t*-test).

Rates of release of lactate, purines, and uric acid
---------------------------------------------------

Metabolic parameters of hearts subjected to ischemic stress are listed in [Table 1](#t1-hp-4-081){ref-type="table"}. Lactate release was identical in groups A and B during equilibration. There was a large increase in both groups after the start of reperfusion (Student's *t*-test, both *P*\<0.05), independent of the treatment. The rate of lactate release decreased rapidly during further reperfusion, returning to near basal values in both groups ([Table 1](#t1-hp-4-081){ref-type="table"}).

Basal purine release was identical in groups A and B. During the first minutes of reperfusion, purine release increased 20- to 30-fold (Student's *t*-test, both *P*\<0.01), independent of the treatment (Student's *t*-test for unpaired samples, *P*\>0.05). Purine release decreased again during reperfusion, but there was no significant difference between groups ([Table 1](#t1-hp-4-081){ref-type="table"}).

Uric acid was released in comparable amounts in groups A and B during equilibration. There was a highly significant increase in uric acid release in the first minutes of reperfusion after ischemia (Student's *t*-test, both *P*\<0.05), with rates again comparable between the groups. After the peak, rates of release declined significantly to similar values at 5--10 minutes after the beginning of reperfusion ([Table 1](#t1-hp-4-081){ref-type="table"}).

The ratio of release of precursor purines to urate release gives an indication of the degree of oxidative stress. For groups A and B, the ratio of basal release of purines to that of urate was approximately equal ([Table 1](#t1-hp-4-081){ref-type="table"}). Purine release increased over-proportionally upon onset of reperfusion, giving rise to an almost 10-fold higher ratio in the first 5 minutes. The ratio was consistently \~10%--20% lower in the sevoflurane treated group, but there was no statistical difference between groups. This indicates the presence of, but no global reduction in oxidative stress in hearts reperfused after treatment with sevoflurane ([Table 1](#t1-hp-4-081){ref-type="table"}).

Extravasation of HES
--------------------

Net extravasation of the colloid HES was calculated as the product of transudate formation per gram of wet heart weight and HES concentration in the transudate. The values were determined after equilibration of hearts with HES, 35--40 minutes after beginning of reperfusion. Hearts subjected to ischemia without sevoflurane (group A) showed significantly higher leak of HES from the coronary bed than those in the sevoflurane-treated group B (Student's *t*-test for unpaired samples, *P*\<0.05, [Figure 3](#f3-hp-4-081){ref-type="fig"}).

Measurement of HA
-----------------

Although HA is not exclusively localized to endothelial cells in the myocardium, its appearance in coronary effluent may be taken as a sign of shedding mainly from the endothelial glycocalyx. HA was detected in the effluent of all hearts, already during the basal period of perfusion. However, significantly less was shed by hearts being pretreated with sevoflurane ([Figure 4](#f4-hp-4-081){ref-type="fig"}). Surprisingly, ischemia/reperfusion did not appreciably influence shedding of HA from the glycocalyx in either group. Although washout of HA declined in the course of reperfusion, the amount released from control hearts always exceeded that of hearts treated with sevoflurane ([Figure 4](#f4-hp-4-081){ref-type="fig"}).

Electron microscopy and immunohistochemistry
--------------------------------------------

Electron microscopic photographs showing the state of the endothelial glycocalyx of coronary vessels after ischemia and 40 minutes of reperfusion are depicted in [Figure 5](#f5-hp-4-081){ref-type="fig"}. Practically no glycocalyx could be visualized in control group A ([Figure 5A and B](#f5-hp-4-081){ref-type="fig"}). On the other hand, a distinct glycocalyx was seen in the sevoflurane-treated group B ([Figure 5C and D](#f5-hp-4-081){ref-type="fig"}). Perivascular tissue edema was observed in both cases ([Figure 5](#f5-hp-4-081){ref-type="fig"}).

Immunohistochemical staining of these hearts after fixation with formaldehyde was carried out to reveal the presence of HS ([Figure 6](#f6-hp-4-081){ref-type="fig"}) and SDC1 ([Figure 7](#f7-hp-4-081){ref-type="fig"}) at the vascular surface. Despite prolonged staining, there was clearly not more HS-positive material in the walls of vessels than in the parenchyma of hearts of control group A ([Figure 6A](#f6-hp-4-081){ref-type="fig"}). In contrast, sevoflurane preserved significantly more HS (brown stain) in vessels of various calibers in hearts of group B with sevoflurane ([Figure 6B](#f6-hp-4-081){ref-type="fig"}). Likewise, SDC1-positive material did not stain appreciably more in vessels than in parenchyma of hearts of group A ([Figure 7A](#f7-hp-4-081){ref-type="fig"}), while there was strong vascular evidence (brown stain) in hearts of group B ([Figure 7B](#f7-hp-4-081){ref-type="fig"}).

Discussion
==========

One main result of the present study was substantiating the ability of sevoflurane to preserve the glycocalyx and the vascular filtration barrier in the situation of ischemia/reperfusion of isolated guinea pig hearts. The more novel finding, however, relates to the mitigation of loss of HA from the endothelial glycocalyx, already under conditions of normoxic perfusion with crystalloid solution (Krebs-Henseleit buffer).

Sevoflurane has previously been found to help sustain the endothelial glycocalyx in the face of ischemia/reperfusion.[@b23-hp-4-081],[@b24-hp-4-081] An earlier study demonstrated shedding of the endothelial glycocalyx due to ischemia in an animal model.[@b32-hp-4-081] Furthermore, Rehm et al provided evidence for shedding of the endothelial glycocalyx during ischemia/reperfusion procedures in humans.[@b33-hp-4-081] Preservation of the endothelial glycocalyx would not only maintain the endothelial permeability barrier,[@b15-hp-4-081] but also prevent leukocyte[@b34-hp-4-081],[@b35-hp-4-081] and platelet adhesion[@b22-hp-4-081] and, thus, should play important roles in inflammation processes and ischemia/reperfusion injury.[@b16-hp-4-081],[@b20-hp-4-081]

In the present ex vivo study, 20-minute warm no-flow ischemia and reperfusion, a situation akin to that of human myocardial infarction with prompt clinical revascularization, severely damaged the coronary endothelial glycocalyx. This caused a significant increase in formation of transudate, a direct parameter of coronary fluid leak. Sevoflurane pretreatment significantly lowered formation of transudate and, in addition, led to less colloid extravasation at the end of reperfusion, ie, significantly improved post-ischemic coronary vascular integrity. Above that, sevoflurane-treated hearts showed significant reactive hyperemia in the early stage of reperfusion compared to hearts without sevoflurane. This indicates that application of sevoflurane accelerates recovery of heart function during the reperfusion period and maintains endothelial function.[@b16-hp-4-081]

To shed more light on the mechanism behind cardioprotection by sevoflurane under these conditions, the present study focused on the shedding of HA, a constituent of the glycocalyx. Measurements of HA in the coronary effluent showed consistent release, both before and after ischemic injury in control hearts ([Figure 4](#f4-hp-4-081){ref-type="fig"}). Previous studies on isolated hearts have demonstrated basal release also of HS and SDC1.[@b23-hp-4-081],[@b24-hp-4-081],[@b26-hp-4-081] Presumably, some shedding of glycocalyx is already initiated by heart preparation and may be perpetuated by perfusion with an albumin-free crystalloid buffer, as in our experiments.[@b28-hp-4-081] HA, receptor bound, is known to be among the first markers for glycocalyx shedding.[@b36-hp-4-081] Surprisingly, ischemia/reperfusion did not enhance washout of HA, although this has been observed for SDC1 and HS.[@b23-hp-4-081],[@b26-hp-4-081] This distinction may result from the type of membrane anchoring. The transmembrane syndecans are the major core protein families on the endothelial cell membrane and are presumably cleaved by metalloproteinases.[@b7-hp-4-081] Shedding of HS requires the action of heparinases or heparanases, the latter found in perivascular mast cells.[@b7-hp-4-081],[@b16-hp-4-081] HA, which is a much longer disaccharide polymer than the HS, is synthesized on the cell surface and is not covalently attached to a core protein. HA weaves through the glycocalyx and is anchored to the plasma membrane by interacting with its receptor, the transmembrane CD44 that localizes in caveolae, and by interacting with the chains of syndecans.[@b37-hp-4-081] Accordingly, shedding of HA occurring already before ischemic challenge may reflect ongoing detachment of HA from its membrane receptor CD44 in the course of perfusion with Krebs-Henseleit buffer.

Besides this, the electron microscopic photos of hearts of this study revealed extensive destruction of the glycocalyx as an aspect of damage caused by ischemia/reperfusion. Similarly, immunohistochemistry of control hearts detected almost no SDC1 or HS staining on the surface of vessels after the ischemia-reperfusion procedure. Yet, sevoflurane treatment significantly decreased the shedding of glycocalyx, as evidenced both by electron microscopy and immunohistochemistry ([Figures 5](#f5-hp-4-081){ref-type="fig"}[](#f6-hp-4-081){ref-type="fig"}--[7](#f7-hp-4-081){ref-type="fig"}). As shown by quantitative measurement in the coronary effluent, sevoflurane treated hearts also shed far less HA after ischemia ([Figure 4](#f4-hp-4-081){ref-type="fig"}).

Uric acid, a powerful physiologic antioxidant, is subject to oxidative chemical degradation.[@b30-hp-4-081] Therefore, a high purine/uric acid ratio in coronary effluent indicates high oxidative stress. During the first few minutes of reperfusion, there are significantly higher purine/uric acid ratios vs basal in both groups, with values \~15% lower in the sevoflurane group. However, this difference did not attain statistical significance. Thus, global oxidative stress was not alleviated by sevoflurane, although local effects at the vessel wall cannot be discounted. The high lactate washout detected in early reperfusion indicates high ischemic stress, lactate being the product of anaerobic metabolism. In the current ex vivo model, the ischemic impact on the hearts was similar in both groups, irrespective of application of sevoflurane. These data indicate that our ischemia/reperfusion protocol causes strong oxidative and metabolic stress, but, since sevoflurane treatment does not globally influence either, some other mechanism or a regional effect must be responsible for the protective action on the glycocalyx.

Previous research demonstrated a protective effect of NO on the glycocalyx, presumably via an antioxidative action.[@b38-hp-4-081] In turn, endogenous generation of NO in hearts requires an intact glycocalyx for mediating shear stress.[@b37-hp-4-081],[@b39-hp-4-081] By preventing washout of HA, as demonstrated for the first time in this work, sevoflurane will clearly augment this mechanism.

In the case of sevoflurane, it has been demonstrated that reactive oxygen species (ROS) and NO, or reaction products including peroxynitrite, mediate an organ-protective effect. Cardioprotection by sevoflurane preconditioning can be abolished by NO synthase inhibitors or by scavengers of ROS.[@b40-hp-4-081],[@b41-hp-4-081] However, the data on total myocardial urate and purine release presented in [Table 1](#t1-hp-4-081){ref-type="table"} suggest that, should any augmentation of ROS or NO by sevoflurane take place, this can only occur in a strictly localized, regional manner. It has also been observed that sevoflurane can bind to specific sites on proteins,[@b42-hp-4-081] especially albumin, which is known to be closely associated with and to stabilize the glycocalyx.[@b7-hp-4-081],[@b20-hp-4-081],[@b24-hp-4-081] In another study performed on isolated perfused guinea pig hearts, evidence was found of a protective effect of sevoflurane against ischemia/reperfusion-induced glycocalyx shedding, the mechanism seeming to involve attenuation of lysosomal CTSB release.[@b23-hp-4-081] Thus, binding of sevoflurane to the glycocalyx or to some protease(s) may prevent enzymatic shedding during post-ischemic reperfusion of the heart, besides possible mediation of protection by NO or ROS.

Limitations of the ex vivo model are apparent. For one, the crystalloid perfusate lacks formed and dissolved blood constituents. In particular, leukocytes, blood platelets, complement factors and enzymes will further influence reperfusion damage.[@b7-hp-4-081],[@b16-hp-4-081],[@b20-hp-4-081] Also, the low oncotic pressure and the absence of albumin lead to gradual deterioration of the glycocalyx.[@b27-hp-4-081],[@b28-hp-4-081],[@b39-hp-4-081] To minimize this, the perfusion protocol was kept to a duration of under 2 hours. Obviously, this precludes drawing any conclusions about long-term effects of treatment with sevoflurane on post-infarction myocardial recovery. Interestingly, the volatile anesthetic isoflurane has been found to reduce infarct size and to improve long-term regeneration of the heart in an in vivo animal model.[@b43-hp-4-081]

It may well be that additional blood constituents will modify the action of sevoflurane in vivo as opposed to the findings presented here. Because sevoflurane attenuates intravascular activation of leukocytes and platelets,[@b12-hp-4-081]--[@b14-hp-4-081],[@b24-hp-4-081] it is possible that augmentation of action occurs, enabling sevoflurane to retain the ability to substantially mitigate shedding of the glycocalyx. Thus, further studies, ultimately on patients undergoing major operations associated with vital organ ischemia/reperfusion, are necessary to substantiate our findings and, furthermore, to clarify the mechanisms underlying sevoflurane's beneficial activity. However, already at this stage, use of sevoflurane as anesthetic in the situation of ischemia-reperfusion seems to be promising.

Conclusion
==========

This study showed that application of sevoflurane at a concentration of 1 MAC prior to ischemia and throughout early reperfusion has a protective effect against ischemia/reperfusion injury to the endothelium in an ex vivo, isolated guinea pig heart model. Moreover, it reduces shedding of HA during the whole period of perfusion, irrespective of warm ischemia/reperfusion. Since vascular permeability depends on a double barrier, the endothelial glycocalyx acting as a competent component besides the barrier formed by endothelial cells themselves,[@b14-hp-4-081] preservation of the glycocalyx, especially of HA, and of endothelial cell integrity may be assumed.
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![Coronary flow in relation to time during reperfusion.\
**Notes:** Group A = control group, group B = sevoflurane group; n=14 each; error bars are standard error of the mean; \**P*\<0.05 B vs A at minutes 0--5; ^\#^*P*\<0.05 vs basal.\
**Abbreviation:** min, minutes.](hp-4-081Fig1){#f1-hp-4-081}

![Transudate formation in relation to sampling period.\
**Notes:** Transudate flow was standardized to wet heart weight. The gray bar denotes the 20-minute period of stopped-flow ischemia. Group A = control group, group B = sevoflurane group; n=14 each; error bars are standard error of the mean; \**P*\<0.05 B vs A (minutes 0--5); ^\#^*P*\<0.05 vs basal.\
**Abbreviation:** min, minutes.](hp-4-081Fig2){#f2-hp-4-081}

![Extravasation of HES into the transudate, period 35--40 minutes after the beginning of reperfusion.\
**Notes:** Group A = control group, group B = sevoflurane group; n=14 each; error bars are standard error of the mean; \**P*\<0.05 B vs A.\
**Abbreviation:** HES, hydroxyethyl starch.](hp-4-081Fig3){#f3-hp-4-081}

![Hyaluronan release in coronary venous effluent is shown at baseline and at two sampling periods during reperfusion.\
**Notes:** Group A = control group, group B = sevoflurane group; n=14 each; error bars are standard error of the mean; \**P*\<0.05 B vs A.\
**Abbreviation:** min, minutes.](hp-4-081Fig4){#f4-hp-4-081}

![Electron microscope images of hearts stained to reveal the glycocalyx.\
**Notes:** (**A** and **B**) Heart of group A (controls without sevoflurane) after 20 minutes of warm ischemia and 40 minutes reperfusion. The endothelial glycocalyx is nearly completely destroyed; (**A**) is an overview (×3,900), (**B**) is a close-up (×21,000); scale bars correspond to 1.5 µm (**A**) and 300 nm (**B**). (**C** and **D**) Heart of group B pretreated with sevoflurane after 20 minutes of warm ischemia and 40 minutes reperfusion. The endothelial glycocalyx is mostly intact; (**C**) is an overview (×700), (**D**) is a close-up (×21,000); scale bars correspond to 8 µm (**C**) and 300 nm (**D**).](hp-4-081Fig5){#f5-hp-4-081}

![Immunohistochemical staining of heparan sulfate (brown coloration).\
**Notes:** Arrows indicate some of the many vessels (arterioles, capillaries, venules, and veins). **(A)** An example of a heart of group A (controls without sevoflurane) (original magnification ×1,050, the scale bar corresponds to 10 µm). There is very little staining of heparan sulfate. (**B**) An example of a heart of the sevoflurane treated group B (original magnification ×650, the scale bar corresponds to 20 µm). There is very intense staining of heparan sulfate in numerous types of vessels.](hp-4-081Fig6){#f6-hp-4-081}

![Immunohistochemical staining of SDC1 (brown coloration).\
**Notes:** Arrows indicate some of the many vessels (arterioles, capillaries, venules, and veins). (**A**) An example of a heart of group A (controls without sevoflurane) (original magnification ×320, the scale bar corresponds to 30 µm). There is almost no staining of vascular SDC1, despite strong background development of color. (**B**) An example of a heart of the sevoflurane treated group B (original magnification ×160, the scale bar corresponds to 60 µm). The staining of SDC1 on the surface of vessels is very intensive.](hp-4-081Fig7){#f7-hp-4-081}

###### 

Comparison of metabolite release during reperfusion

  -------------------------------------------------------------------------------------------------------------------------------------------------
  Release of                Time                                                  Group A                                               Group B
  ------------------------- ----------------------------------------------------- ----------------------------------------------------- -----------
  Lactate\                  Basal                                                 0.64±0.06                                             0.61±0.06
   (µmol.min^--1^.g^--1^)                                                                                                               

  0--5 min                  4.78±0.51[\*](#tfn2-hp-4-081){ref-type="table-fn"}    5.60±0.59[\*](#tfn2-hp-4-081){ref-type="table-fn"}    

  5--10 min                 0.82±0.08                                             0.70±0.07                                             

  Purines\                  Basal                                                 5.59±0.58                                             5.24±0.61
   (nmol.min^--1^.g^--1^)                                                                                                               

  0--5 min                  111.1±10.8[\#](#tfn3-hp-4-081){ref-type="table-fn"}   129.8±14.5[\#](#tfn3-hp-4-081){ref-type="table-fn"}   

  5--10 min                 14.41±1.50[\*](#tfn2-hp-4-081){ref-type="table-fn"}   11.6±1.02[\*](#tfn2-hp-4-081){ref-type="table-fn"}    

  Uric acid\                Basal                                                 3.58±0.33                                             3.27±0.41
   (nmol.min^--1^.g^--1^)                                                                                                               

  0--5 min                  8.48±0.91[\*](#tfn2-hp-4-081){ref-type="table-fn"}    10.06±1.22[\*](#tfn2-hp-4-081){ref-type="table-fn"}   

  5--10 min                 5.41±0.61                                             5.12±0.54                                             

  Purine/uric acid ratio    Basal                                                 1.81±0.18                                             1.60±0.18

  0--5 min                  14.06±1.46[\*](#tfn2-hp-4-081){ref-type="table-fn"}   13.15±1.32[\*](#tfn2-hp-4-081){ref-type="table-fn"}   

  5--10 min                 2.77±0.32                                             2.26±0.25                                             
  -------------------------------------------------------------------------------------------------------------------------------------------------

**Notes:** Group A = ischemia without treatment; Group B = ischemia after treatment with sevoflurane. Basal = value before ischemia under steady state conditions; 0--5 min and 5--10 min = minutes after beginning of reperfusion; purines = sum of adenosine, hypoxanthine, inosine, and xanthine. Values are mean ± SD, n=14 each,

*P*\<0.05 vs basal,

*P*\<0.01 vs basal.

**Abbreviations:** min, minutes; SD, standard deviation.
